I. INTRODUCTION
magnetotransport properties) of the resulting ta-C:Gd system will be shown to depend strongly depend on the interactions between the magnetic dopant and the electrons in the carbon matrix; this matrix, however, we find has been affected by the Gd incorporation (significantly differently than for the control implantation of Xe) such that for moderate x, it is no longer ta-C.
II. EXPERIMENTAL METHODS
Thin ta-C films with high sp 3 fraction (~80%) have been prepared by mass selected ion beam deposition (MSIBD). 9 Briefly, carbon ions are accelerated to 30 keV, mass separated, and finally decelerated down to 100 eV prior to deposition onto amorphous SiN x -coated Si substrates held at room temperature (RT). The thicknesses of the ta-C films were between 40-60 nm. Such films exhibit diamond-like properties including high hardness, high resistivity and a band-gap of ~2.5 eV. 1 The ta-C samples were implanted at RT with 155 Gd ions using ion energy of 50 keV and varying ion fluence to give different Gd doping concentrations x. Double-energy (30 and 50 keV) implantations were also carried out to achieve a more uniform Gd doping depth profile. Details of the parameters and samples are listed in Table I . The ion range and resulting film compositions were calculated using the program package TRIM, 10 and verified by Rutherford backscattering (RBS) measurements analyzed by the RUMP analysis package. 11 For all films in this work, either singly or doubly-implanted, the Gd concentration is approximated as a single layer with concentration x and thickness t based on RBS-RUMP analysis, with t either 8 or 20 nm (depending on implantation energy used in single vs. double implant) and x between 0.022 and 0.20 (depending on Gd ion fluence). An example of this analysis will be shown and discussed below.
Annealing studies were performed up to 550°C in a rapid thermal annealer (RTA) with forming gas (5% H 2 /95% N 2 ) to avoid oxidation. The temperature profile for annealing consisted of three stages: a two-minute temperature rise, a one-minute temperature soak and an exponential temperature decay back to room temperature. Carbon bonding information was determined by Raman spectra using a 488 nm laser and a SPEX 1877 0.6 m Triple
Spectrometer. dc electrical transport was measured using a standard four-point-probe method with conducting silver paint strips as electrical contacts. Sample magnetization M as a function of both temperature T and field H and magneto-electronic properties were measured in a Quantum Design magnetometer (with a resistivity probe for the transport and magneto-transport data). Representative samples (as deposited and after annealing) were prepared for cross-section transmission electron microscopy (TEM) using a focused ion beam setup (FIB, FEI Nova Nanolab 600) and analyzed using a Philips CM200-FEG-UT TEM.
A set of Xe-implanted ta-C films (ta-C 1-x :Xe x ) were prepared under identical implantation and annealing conditions to be used as control samples to monitor the effects of implantation damage. Xe and Gd ions have almost identical radii and similar masses; therefore, the implantation damage created in the ta-C matrix is similar for both sets of samples. Xe has a closed-shell electron structure and thus is chemically, magnetically and electrically inert.
Therefore, observed electrical or magnetic differences between ta-C 1-x :Gd x and ta-C 1-x :Xe x is due to Gd incorporation. We have measured Xe-implanted control samples to eliminate contributions from radiation damage to the transport, magnetization and magnetotransport properties. More sample information is displayed in Table I , and more experimental details are available in Ref. 7 .
III. EXPERIMENTAL RESULTS

A. Structural Characterization
Figure 1(a) shows a TRIM simulation of a typical double-energy implantation of Gd ions into ta-C. The final ion distribution is the superposition of two Gaussian distributions from two consecutive single-energy implantations with different ion energies, giving a more uniform doping depth profile than a single implantation. Figure 1 (b) shows a representative RBS spectrum for a double-implanted sample (ta-C 0.912 :Gd 0.088 ), corresponding to the TRIM simulated distribution in Fig. 1(a) . The total ion fluence for this sample was high (2.3×10 16 ion/cm 2 ), thus sputtering of the surface is significant and results in a reduction of the undoped surface layer to ~5 nm compared to ~10 nm for low ion fluence implantations. The analysis of the RBS spectrum by RUMP uses a simple trilayer model, including a surface C layer, a doped ta-C 1-x Gd x layer, and a deeper undoped C layer. This analysis confirmed the TRIM simulations, both in depth and doping profile, including the thickness of the undoped surface layer for all samples.
For analysis of both single-and double-energy implanted samples, we shall refer to the RUMP simulation results of the RBS data for Gd concentration x as well as film thickness t, which is ~8 nm and ~20 nm for the single-energy and the double-energy implanted samples, respectively. Note that this trilayer analysis affects the absolute value of conductivity but not MR (which is normalized to zero field conductivity) or magnetization (which depends only on the total number of Gd atoms, a known value based on either implantation fluence or RBS integration, which agrees with each other). nm in size. Several samples were annealed up to 550°C; HR-TEM on these samples also showed only an amorphous structure with no signs of cluster formation or Gd, Gd-C or C-C crystallites.
High-resolution (HR)
Raman spectroscopy was used to obtain information on the carbon bonding before and after Gd/Xe implantation, as well as after annealing. There are two major Raman active modes corresponding to the breathing mode of disordered graphitic 6-member rings (the D peak, ~1350 cm -1 ) and the stretching mode of C-C pairs (the G peak, ~1580 cm -1 ). are not clustering; otherwise, a much more Raman-active carbon matrix would be seen.
After rapid thermal annealing to 550°C, the D and G peaks in Gd-implanted films become more pronounced and the I D /I G ratio of the implanted samples increases up to 8 for both the Xe-and Gd-implanted films (see e.g. Figure 3 , dotted line), which was not the case for the unimplanted ta-C films. This can be understood by graphitization of the implantation-induced damage centers, which include vacancies, interstitials, dangling bonds and defect clusters.
Although there is some initial graphitization upon room temperature implantation, most of the damage centers are "frozen" and bond rearrangement is unlikely at this low temperature. However, during annealing at sufficiently high temperatures, vacancies and interstitials become mobile, and local bond rearrangement is possible. This results in the formation of more stable sp 2 -bonded graphitic sites which gives rise to a more intense Raman D line and thus, as observed, a much larger I D /I G ratio after annealing.
B. Magnetization
The Xe implanted ta-C samples show no magnetic signal above the SQUID detection limit (10 -7 Table I ) and low θ values. For a free Gd 3+ ion p eff =7.9 µ B and typical Gd-based amorphous materials have p eff ~ 8.5 µ B and θ >> T f . The enhanced p eff often found in Gd-based materials is attributed to polarization of s electrons by the s-f exchange interaction which is also responsible for the carrier-mediated RKKY interactions seen for Gd metal and alloys, which leads to SG freezing and large θ for moderate x.
6, 16 Figure 7 shows the magnetic field dependence M(H) of the same double-energy implanted ta-C 0.824 Gd 0.176 sample at various T. M(H) is suppressed well below the Brillouin function for free J=S=7/2 ions, consistent with the observed Figure 8 shows temperature dependence of dc conductivity, σ(T) for all as-implanted ta-C 1-x :Gd x films. As discussed above, we approximate the profile as a homogeneous buried doped layer with Gd concentrations and thicknesses from RUMP analysis of RBS data. Using this method, the room temperature conductivity (σ RT ) of taC 1-x and a-Gd x Ge 1-x , where a monotonic increase in σ RT was found, passing smoothly through the insulator to metal transition, for x up to 0.25 (above which TEM showed signs of Gd clustering), but similar to what was observed in sputtered a-Gd x C 1-x films where the non-monotonic dependence was attributed to a competition between increasing dopant concentration and increasing modifications to the C-matrix. 7 However, unlike sputtered a-Gd x C 1-x films, no correlation between the I D /I G ratio and σ RT as a function of x is found. This non-monotonic conductivity dependence on x will be further discussed below.
For three dimensional (3D) insulating materials, σ(T) is expected to be exponentially dependent on T, with exponent α=1/4, 1/2 or 1, corresponding to different transport mechanisms: 3D Mott type variable range hopping (VRH), Efros-Shklovskii (ES) type VRH or a single activation energy hopping, respectively. The best fit for these data is found for α=1/2 consistent with ES type VRH (a model that incorporates strong electron-electron interactions as well as the effects of disorder in the transport process), as for other Gd-doped amorphous semiconductors. Figure 9 shows σ(T) plotted on a logarithmic scale vs T -α with α=1/2. On annealing, the matrix itself becomes significantly conducting, and actually metallic (non-thermally activated) at low T but with low and complicated σ(T). Gd ions). The zero field and high field data in Fig. 9 converge at a temperature which we call T'; this temperature is taken as the temperature below which the effect of the Gd magnetic moments becomes important to the conductivity.
No significant signature in any magnetic property has yet been found at this temperature (for any of the many Gd-based amorphous semiconductor systems yet studied), which is therefore taken to represent a crossover below which moment-carrier interactions become a dominant effect in transport. T' will be discussed further below and more carefully defined.
effective moment of the Gd 3+ ions as is often seen, to a material (Si) where the magnetic behavior is somewhat like traditional Gd alloys but with a moment-carrier interactions which results in a large and non-trivial x dependence of effective moment, and finally to a material (Ge) where the magnetic properties are nothing like the usual Gd-based systems. To the best of our knowledge, there is no theory for this systematic trend; we suggest that it results from the systematic drop in electron density (cm -3 ) (for the same Gd concentration x) due to increasing atomic spacing/decreasing atomic number density (C-C distances being the smallest and Ge-Ge the largest) which causes changes in the nature of the carrier-local Gd 3+ moment interactions.
Turning now to a discussion of the magneto-transport, despite the different types of C matrices, all Gd-doped a-C possess large negative MR at low T, with a magnitude that decreases exponentially with increasing T. The low-T large negative MR is attributed to a magnetic disorder-induced carrier delocalization with increasing magnetic field; applying a magnetic field (partially) aligns the Gd moments thus reducing the disorder seen by the transport carriers, leading to increased conductivity. The inset of Fig. 9 shows the magnitude of MR vs T for the x=0.07 sample whose conductivity was shown in the main part of Fig. 9 . This exponential dependence is similar to that previously found for both a-Gd x Si 1-x and a-Gd x Ge 1-x which have negative MR that vanishes exponentially with increasing T and with increasing x, (but is still measurable at 90 K). We note that at low T, small positive MR is commonly found in non-magnetic disordered electron systems due to electron correlation effects, and small negative MR from elimination of quantum backscattering. Although the low temperature MR behavior is similar, at high temperature, a-Gd-C samples show a small positive MR (<10%) with almost no T or x dependence, while a-Gd x Ge 1-x has a small T and x independent negative MR, and a-Gd x Si 1-x has nearly zero MR at high T (meaning above ~100 K) for all x. For both a-Gd x Ge 1-x and a-Gd x Si 1-x , it was possible to define a characteristic temperature below which the Gd moments affected electrical conductivity. This temperature could be defined either by some choice for a cutoff MR (e.g. 10 -3
, 1% or 10%) OR by comparing zero-field σ(T) to σ(T) for non-magnetically doped analogues a-Y x Si 1-x or a-Y x Ge 1-x . 6, 21 The latter method is very effective for metallic samples (x>0.14 in a-Gd x Si 1-x and a-Gd x Ge 1-x ) because it is a zero field measurement and provides an unambiguous characteristic temperature which we defined as T*, but is ineffective for insulating samples, briefly because the temperature dependence is not a simple power law and the dependence on x is far too strong to allow simple comparison to nonmagnetic analogs. The former method, based on magnetoresistance, gives a temperature which we will here call T'; T' depends on the magnitude chosen for the cutoff MR, but since MR vanishes exponentially with increasing temperature in both a-Gd x Ge 1-x and a-Gd x Si 1-x , the choice is not significantly important. For a-Gd x Ge 1-x and a-Gd x Si 1-x , T' is different (lower) than T*, but the dependence on x is the same.
In this work, all of the ta-C 1-x :Gd x samples are insulating, so T* cannot be defined. Instead, by analogy to T' above, for all the ta-C 1-x :Gd x films in this study, as well as in the previous work on sputtered a-GdC 1-x , 7 we define T' as the temperature at which MR switches from positive to negative in a 70 kOe field; Fig. 9 inset showed an example. (We note that a cutoff of 10 -3 for MR could equally well have been used to define MR). This crossover temperature T'
correlates perfectly with T* for materials where both can be defined, and plays a similar role to T*, namely it establishes a temperature scale below which Gd carrier-moment interactions dominate, causing the very large negative MR that dominates (in the C-based materials) the small high-T positive MR. Figure 11 shows T' as a function of x for ta-C 1-x :Gd x , sputtered a-Gd x C 1-x and a-Gd x C 1-x :H. Quite remarkably, T'
shows a linear increase with x, independent of the details of C matrix type. This increase is in stark contrast to the decreasing T* (and T') with increasing x seen in a-Gd x Si 1-x and a-Gd x Ge 1-x , as well as ternary a-Gd x Y y Si 1-x alloys for constant x, and increasing y, which was interpreted as a consequence of increased screening of electron-moment interactions with the increasing metallicity associated with increasing x. 21 The dependence on x seen in Fig. 11 suggests that screening plays little or no role in the T-dependence of MR for ta-C 1-x :Gd x and sputtered a-Gd x C 1-x , unlike in a-Gd x Si 1-x and a-Gd x Ge 1-x . We suggest that this is again an indication of a very local nature of the Gd moment-carrier interactions in the amorphous C-based systems, unlike Si and even more so Ge. In particular, we note again the most obvious difference between the three matrices: their atomic density. For a given value of x, the measured Gd number density (Gd atoms/cm 3 ) in a-C is the highest, followed by a-Si then a-Ge. The carrier density in the impurity band of each is correspondingly highest for a-C, followed by a-Si then a-Ge, leading to our above comments on the cause of the increasingly local nature of the electron-moment interactions. Competing with this effect is the changing band gap, which decreases from C, to Si, to Ge; this increases electron screening due to virtual (not thermal) excitation of carriers from the impurity band to the conduction band in these correlated electron materials near the M-I transition.
V. CONCLUSION
In summary, ta-C thin films with high starting sp 3 fraction provide a new type of a-C matrix to study moment-carrier interactions when doped with the magnetic Gd ion. The MR of the ta-C 1-x :Gd x films is extremely large but does not exceed that of a-Gd x Si 1-x , contrary to the expectation that the increased band gap of ta-C would cause increased MR effects, including higher temperature MR. This negative result is likely due to radiation damage to the sp 3 sites, a result that is enhanced further by annealing which causes further conversion to sp 2 bonding. For a given x, the magnitude of the negative MR below a crossover temperature T' for ta-C 1-x :Gd x is comparable to a-Gd x Si 1-x , and larger than a-Gd x Ge 1-x . The crossover temperature T', which indicates the strength of interactions, increases with Gd
x, unlike what is seen in a-Gd x Si 1-x , a-Gd x Ge 1-x , and ternary a-Gd x Y y Si 1-x . This difference is suggested to be due to the extremely local unscreened nature of the carrier-moment interactions in Gd-C compared to the more extended interactions in Gd-Si and even more so in Gd-Ge. With quite different starting matrices and process conditions,
implanted ta-C 1-x :Gd x and co-sputtered a-Gd x C 1-x have little to no change in MR and magnetic properties, though some differences are seen in the detailed transport properties which can be explained by the differences in their Raman spectra.
Comparing the different Group IV matrices, in both types of a-C, the Gd ions behave as large bare moments, with little screening; they interact via RKKY-induced polarization of carriers, which produces a spin glass for high x, and have large negative MR due to interactions between well-defined local moments and carriers. In a-Ge, where the carrier concentration n (proportional to the atomic number density) is the lowest for a given Gd x, and the band gap is the smallest, the magnetic properties of the Gd ion are significantly screened, the Gd-Ge interaction is weakened, leading to a small but still negative MR. In a-Si, where the carrier concentration is moderate, electron screening modifies the bare Gd moment but still leaves it behaving as a local moment, which produces extremely large MR.
These changes in carrier-local moment interaction cause changes in the strength of the Gd-Gd interactions, with resulting changes in the M(H, T), but overall for all the amorphous matrices (C, Si, Ge), the Gd-Gd interactions remain strong, with mixed ferromagnetic and antiferromagnetic frustrated interactions. The systematic but non-monotonic trends in these group-IV matrices suggest that electron and band gap play separate import roles. 
